We show by analytical and numerical results that coupling an external Fabry-Perot resonator to a semiconductor laser can efficiently suppress noise-induced intensity pulsations (relaxation oscillations). This constitutes a realization of time-delayed feedback control.
Introduction
In semiconductor injection lasers noise plays an important role and influences the laser properties and the dynamic behavior in a crucial way. Control of noise-mediated dynamics is therefore a central issue in laser physics. The most prominent effect of noise in a laser is the excitation of relaxation oscillations leading to irregular stochastic intensity pulsations.
In this paper we show by analytical and numerical means that time-delayed feedback through an external FabryPerot resonator can efficiently suppress noise-induced intensity pulsations in a semiconductor laser.
Laser model
A laser diode with optical feedback from a conventional mirror can be described by the Lang-Kobayashi equations [1] . The influence of different kinds of feedback have also been investigated [2, 3] . One particular feedback realizes time-delayed feedback control as suggested by Pyragas for deterministic chaos control [4, 5] with an all-optical scheme [6, 7] . The feedback is here generated by a Fabry-Perot resonator. A schematic view of this setup is shown in Fig. 1 . A fraction of the emitted laser light is coupled into a resonator. The resonator then feeds an interference signal of the actual electric field E(t) and the delayed electric field E(t − τ ) (delayed by the round trip time τ ) back into the laser. Parameters:
The modified Lang-Kobayashi equations in dimensionless form [6] are given by
where E is the complex electric field amplitude, n is the carrier density, α is the linewidth enhancement factor, K is the feedback strength, τ is the round trip time in the Fabry-Perot resonator, p is the excess pump injection current, T is the ratio of the carrier lifetime and the photon lifetime, F E is a noise term describing the spontaneous emission, and ϕ and ψ are optical phases. The phases ϕ and ψ depend on the sub-wavelength positioning of the mirrors. By precise tuning ϕ = 2πn and ψ = 2πm one can realize the usual Pyragas feedback control
We consider small feedback strengths K, so that the laser is not destabilized and no delay-induced bifurcations occur [6] . The noise term F E in Eq. (1) arises from spontaneous emission, and we assume the noise to be white and Gaussian
with the spontaneous emission rate R sp = β(n + n 0 ), where β is the a759_1.pdf
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To find the steady state we first transform Eq. (1) into equations for intensity I and phase φ by E = √ I e iφ . Setting
dt φ = const, K = 0 and replacing the noise terms by their mean values, gives a set of equations for the mean steady state solutions I * , n * , and φ = ω * t without feedback (the solitary laser mode).
Our aim is now to analyze the stability (damping rate) of the steady state. High stability of the steady state, corresponding to a large damping rate, will give rise to small-amplitude noise-induced relaxation oscillations whereas a less stable steady state gives rise to stronger relaxation oscillations. Through linearization of the differential equations for I, φ, and n around the steady state and Fourier transformation, one obtains analytical expressions for the intensity and the frequency power spectrum (in the linear approximation).
Figures 2 and 3 display the analytic results of the linear approximation as well as the numeric solution of the full nonlinear dynamic equations for the intensity power spectrum S δI (ω) and the frequency power spectrum S δφ (ω) = ω 2 S δφ (ω) for different values of the delay time τ . All spectra have a main peak at the relaxation oscillation frequency Ω RO = 2π/T RO ≈ 0.03. The higher harmonics can also be seen in the spectra obtained from the nonlinear simulations. The main peak decreases with increasing τ and reaches a minimum at τ opt ≈ T RO /2 ≈ 100. With further increasing τ the peak height increases again until it reaches approximately its original maximum at τ ≈ T RO . A small peak in the power spectra indicates that the relaxation oscillations are strongly damped. This means that the fluctuations around the steady state values I * and n * are small. Parameters: p = 1, T = 1000, α = 2, β = 10 −5 , n 0 = 10, K = 0.002, τ = 100 ≈ T RO /2
Next, we study the variance of the intensity distribution as a measure for the oscillation amplitude ∆I 2 ≡ (I − I )
2 . Figure 5 displays the variance as a function of the delay time. The variance is minimum at τ ≈ T RO /2, thus for this value of τ the intensity is most steady and relaxation oscillations excited by noise have a small amplitude. Figure 6 displays the intensity distribution of the laser without (dashed) and with (solid) optimal control. The timedelayed feedback control leads to a narrower distribution and less fluctuations.
Conclusion
In this paper we have shown that time-delayed feedback can suppress noise-induced relaxation oscillations in a semiconductor laser. The feedback is realized by coupling the laser to an external Fabry-Perot resonator. By tuning the cavity round trip time to half the relaxation oscillation period τ opt ≈ T RO /2 the oscillations can be suppressed by a remarkable degree. This is demonstrated in the power spectra of the intensity and the frequency, where the relaxation oscillation peak has a minimum height at τ opt . The variance of the intensity distribution ∆I shows a minimum at τ opt , thus the intensity distribution is narrowest at this value of τ .
